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Abstract

A servo amplifier dssigned for use with a Diehl FPE-{9, two phase, €0 cps

induction motor is dsscribed. It csn be used sither as a displacement or

velocity servo since input circuits adsptable to either usage are provided,

The unit is designed for s maximum usable power of 50 watts with high stability

snd sccurncy, Emphasis has been plsced on esse of adjustment and msintenance,
¥%. Roth

Approved by:

Leader, Croup 64 <7

Hea [;ivi gler, 6 M




I. Introduction.
The majority of reder treiners have been designed to obviate the

necessity for employing flying aircreft or moving ships in order to train per-
To make this possible,

sonnel in the use of actual service radar equ!pment.
the trainers must simulate the eircraft or ships in a realistic manner so that

a consideratle portion of the total trauining time cen be done at centrel fixed

Ly %

landbased installetions.
The problem therefore, is one of designing trainer equirment which cen

duplicate reelisticelly the principal motiona and characteristics of the units
For instance, in the cese of the eirborpe rader training pro-

to be replaced.

gram, the trairer must simulete the moticn end charecteristics of e flying
sircraft so that the seme problems that he will encounter when finally in the
eir are presented to the student, The problem of suitable simuletion concerns
itself with the practicebility of designing and constructing e computing

mechanism which is cepable of duplicating the principel features of the re-
Since these computers invariebly recuire the use of eccurate

placed unit,

medium power instrument servo loops of both the displecement and velocity types,
the unit to be described has been developed to serve as a highly accurate and
stable servo emplifier which can be used for either one of the two functions,

A displecement servo is one in which the displecement of the output sheft
is rroportional to thet of the input shaft although at a considerably increased
power level, A velocity servo is one in which the velocity of the output shaft
is proportional to the displacerent of the input sheft end again, et e con-
siderebly increesed power level., A general discussion of introductory servo
theory which may be helpful to those not too familiar with the subject cen be
found in Radiation Laboratory Report No, 645-2,.%

Design Considerations.

A fundamental design consideration is that the unit be flexible enough for

use in many different trainers with varying load conditions, It must also be
cepable of responding to slow, continuous input signals for some systems end

It must be as foolproof as possible

fest discontimuous input sigmals for others.
with the emphasis on ease of initiel adjustment and maintenance but at the same

11.

These criteria are extremely

time stable operation must not be sacrificed,
stringent since it is the usual practice to design a servo system for one part-
If a different set of conditions is encountered, a

icular set of conditions.
change of design is generally necessery since it is rare to find systems which
can peet e wide variety of operating requirements.

Certain specific requirements were set forth which had e bearing on the
charecteristics of the emplifier end the power output. Although servo emplifiers
for driving d-c motors ere usually sirpler to build than those for use with
s=c motora, this unit is required to work with very low noise output so that
the commutator noise resulting from the use of e d-c or e series e-c motor
could not be tolerated. Hence, e two phase e-c induction motor was decided {
upon, and the emplifier was designed to drive such e motor.

The power output requirerent was set for e level of 50 watts which is
The motor eround

sufficient for the largest loads encountered in trainer work.
R.I. Neport &45-2 by R.U. Fathe end

*The Q1-2 and (=3 Servo Amplifiers.
%. Roth.
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which the amplifier wue deaigned is the Diehl two rhase 60 cps FPE=49 induc-
tion motor. The nominal power output is roughly 12'watts with an input power
to the control winding of 35 watts so that the excess reserve power is useful

for high accelerations. It should be pointed out at this point that this large

factor of safety in power output is made necessary by the requirement that the
servo be useful under such varied operating conditions.

a4

Thus to summarize, the requirements to be fulfilled by the servo unit
e)
b)

It must be capabla of use with many varied types of load conditione,

It must work satisfactorily with inputs ranging from the slow con-
tinuous to the fast discontinuous types.

e) It must be easy to adjust end maintain.
d) It must be stable in operation.
e)

It must be capable of 50 watts output power at 60 cps to drive a
Diehl FPE-/9 motor.
1)

It must serve as either s displacement or velocity servo with high
accuracy.

I11. Theory of Design.

Since the servo must be used in wany widely differing applications, the
servo amplifier must have sufficient sensitivity for the most stringent require-
ment. It was thought that this could be met by designing the unit with the

highest gain possible so long as the other requirements of stability and eese
of adjuatment etc. were not compromised.

It is e general dictum that stability
and gain are inverse to one arother, i.e, stability suffers with en increase
of gain end high stability necessitates lowering of the gein. A factor which
greatly complicetes the situation is that the motor which becomes part of the
output stage, is actually a nonlinear element since its impedance is e function
of speed, The impedance of e motor at very low speeds is small compared to
that at high speeds,

The answer to both these problems ie the use of feedback,
which is so often the answer to the designer's many and frequent dilemnas.

It is well known that the use of voltage feedback in en amplifier leeds
to srester stability and a reduction of output impedence.* The relation giving

the output impedance with voltage feedback in terms of the output impedance
without feedback can be shown to te:

[ Z

o.__..n._

14 a8

zol = outrut impedance with feedbeck

*Cee:

Electrcrics-iiliran ard Seely---page 606 f.f,

1025



Pective impeda
be decides upo

the anplifier has »
vVarying in a d:lscontinuous
® gear chaip

high degree
with backlash or

of stabilg ty
Ranner,

Such g load
sticky gears,

' Servo motor,
1ifier is

thst fop

Y Of the corplete loop 1g

t much enthasig must be
g, the lineery tr of

1024




T LINOHID H3FITdNY I 3HN9Id




suitable tachometers runs ir. the order of 41 'rercent. Better units are comrer-
cially available, although the voltape per RFN is quite low and the output
noise level is high, The anplifier was made with a rrovision for includingia
tachometer superior to the ore mentioned atove in case such a unit could be
obtained in the future. The actual linearity of the amplifier assuming a per-

fect tachermeter is _{1/1. percert sc that a considerable increase in over-all
accuracy is possible if better tachometers do become available,

The input voltage which is used to control the speed of the servo motor
is 60 cps a=c so that a linear rectifier muct be included in order that the

d=c voltare from the tachometer can be compared to the magnitude of the input
voltage.

The actual input voltage to the amplifier is a voltage proportional
to the difference between the tachometer voltage ard the input voltage. Since
the amplifier is designed for 60 cps signals, the d-c¢ voltage which represents
the difference between the rectified input signal and the tachometer voltage

is converted to a-c by mears of a vibrator driven from the 60 cps line. Thus,
to use the arplifier as a velocity servo, the input a-c voltage must be
rectified, matched to that of the tachometer and the difference in d-c voltage
mst be converted by meens of the synchronous vibrator before it is fed into the
amplifier,

A suitable antihunt network must be provided so that the velocity

of the motor does not osclilate around its desired value,

This network performs
a function similar to that of the network provided for use with the displscement
servo, although it stabilizes the velocity of the output shaft rather than its
displacement,

Since the rhase of the a-c voltage apnlied to the amplifier from the
vibrator is controlled by the phase of the vibrator driving voltage and not by

the phase of the input a-c voltage, the motor will have the same sense of
rotation regardless of the input polarity.

Therefore, means must be included
whereby the motor can be reversed as the phase of the input voltage reverses,
In order to fulfill this requirement, a phase detecting circu't is included to

control the operation of a reversing relay which changes both the direction of
rotation of the motor and the polarity of the tachometer voltage.

1V, Circuit Description.

A. The Amplifier.

The same amplifier circuit is used whether the unit is to be used as a

displacement servo or as a velocity servo, although the input circuit and
reference element used in each case is different,

Therefore, the details of
the actual amplifier circuit will be discussed first since they are common to
both apnlications,

As discussed above, the amplifier is designed for very low phase shift
at 60 cps with high gain and high stability,

The input from either input
channel (to be discussed later) is fed directly to the grid of tube V3, a |
68J7. (See Fig. 1.) The stape iz standard in all respects with the exception
of the split cathode resistor. R4 has been included as part of the feedback

loop to inject a fraction B of the output voltage into the input stage,

The ‘
polarities are such that the feedback is degenerative ani results in the low
output impedance with high stability as discussed above,

C2 has been included
from plate to ground in order to reduce the gain of the amplifier at high
frequencies. This is done to rrevent high freauency oscillations.

£1 is the
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screen bypass capacitor andi has been included to increase the gain of the
first stage by preventing screen degeneration.

The gain of this stags without °
the feedback loop connected is epproximately 20, Ths relatively low gain is
ceused by the cethode resistor R3 which hae becn left unbypassed.

The output voltage from this first stape is coupled by C3 to the prid of
V4A. This stage ie again conventional end needs nn detailed discussion, Its
gain is about 40, The signel is counled by £5 to the grid of V4B which is
identical to the previous stage with the exception of the series grii resistor
R33, This exception is an important one eince the rcsponse of the servo to
short saturating signals is dependent upon the ection of this resistor.

With the usual input signals, the level at the grid of V4B ie well within
the rormal opereting range of the tube,

However if for some reason the signal
becomes larger than normel, this grid will draw grid current sincs it is driven
into the positive corducting region, If R33 were omitted, C5 wonld dischargs
during the positive conduction portion of the cycle end hence would develop a
negutive bias,

Thus, when the signal returns to normal, the bias of V4B would
be sufficiently negative to keer the tube cut off until C5 is recharged through
Ra.

Thie means thet the amplifier would be blocked until V4B were no longer
below cut-off, and thue the servo would not follow the input signal which in
turn would incremee again.

This vrocsss could develor into an uncontrolleble
block which, of course, results in poor servo recponss,

By including R33, the discharge current froa C5 during the poeitive cone
duction time is reduced to such a value thet the bias does not become
sufficiently negutive so that the tube is cut off,

Hence, blocking is no longer
possible excspt on abnormally long saturating signals which ere not found in
practice if the eervo loop is properly deeigned. It was not necess'ry to in-
clude the limiting resistor in nrevious stages, since even with saturetir;:
signels the level is not high enough to cause grid conduction, The inalix!on
of R33 does not change the operation of this etage for normal signels and thus
its gain ie the eeme as the rreceding stage, nemely ebout 40,

It was pointed out in the -reliminary discussion that transformere should
be omitted wherewer nossidle in order thet instability due to etrsy pickurp be
ainimized. Thus cathode followers are used to drive the 307 power ocutput tubes
rather than the customery transformer, Since e push-pull power stare is em-
ployed, two signals soual, but 180° out of phase must be develoned by the
driver stape, This is done by V5A end V58,

The signal from V43 is coupled to the grid of VSA ‘b, C7. Both cathode
and plate resistors are included end the values are so chosen that the voltage

developed acrose the rlete rasistor R15 is exactly equel tut orposite in phase
to thet applied to the grid. This signal is then coupled to ths grid of V5B
which is an identical stage, Hence, the signels on the respective cathodes are
eguel end opposite ir phase, It is to be noticed thet the negative return for
these two stages 1s n~t ground but =105 volts., This is done to permit direct
counling from the cethodes to the control grids of the 307 tubes.

By rsturning

the cethode resistors to ‘hLe negative suprly, the dec voltage on the cathodes ‘
with ro irput signal is the yroper biae for the power tubes. Th’s procedure

results in 1 lo¥ imiedance driver, in the order of 500 ohms, whlich is

eccromical in gruce an' wairht and offere freedom from pickur difficulties.
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Since the respective output signals anl d=- bieses should be approximatsly
ecual regardless of tubes chosen, the resistors used in the driver circult ere
ell 5 percent tolerance elaments, This results in ocutput voltages differing by
not more than 10 percent independent of tubea., This is enlirely satisfactory.

The power output stape is entirely converntional eni neeis 1little discussion
here. The output transformer used was designed specially et the Redietion
Laboratory to have a high impadance et 60 cps. Consecuently, it has en in-
ductance of 80 henries end matches the motsr load of ebout 400 ohms to the oute~
rut impedance of the pushepull 807's. The grid series reciztors R19 and R20
ere included to prevent the overloading of one of the pow=r tubes, This might
occur if much gridi current were drawn since the two cathuis followers ere
interiaperdent. If one of the 807 tubes were to drew mu~n ~rid current, the
d-o vias omn the cethode of its cathode follower driver would change aml this
vould effect the other driver. This ection would lead to inatability with
la~pe si-nals end so is undesirable, Although the seriss rezistors limit the
output powsr aince the grids canrot drive into the positive region, the stab-

ility is increased an! the obtainable output power of 50 watts is well within
demand limits,

The secondary of the output transformer drives the enntrol winding of the
two phase Diehl motor, es well as supplying the feedback voltage for the first
stage., This voltage is ettenuated by the resistor network comprising R21 end
R4 in order that the value of B be correct for the feedback desired. Since
there s actuelly e very amall shift tkrough the emplifier et 60 cps, the feed-
tn:x is not e pure reel quantity. However, with the feedback loop connected,
the rhase shift from input to output is essentially zero, es well aa cen be
measured, enl the overell voltage gain of the emplifier ecross e 500 ohm load

resisto= is ebout 12,000, It is stable, end requires no edjustments of any
kind in the emplifier chennel itself., Meintenance should be restristed to

tube feilures only since conservative wattage ratings on elements have been
used throughout,

B. The Input Circuit for e Displacement Servo.

The input eircuit to be used when e displecem~nt servo ia desired is
shown in Fig. 2. 7Two networks which ere designed to physically fit into plug-
in capacitor containers ere shomn, Thus, if networks with different constant
are desired for a speciel purpose epplication, other similar units cen be
plugged into the evailable sockets, The first network shown is the phase leg
network. It was mentioned that the constant phase winding of the two phase
motor was excited from the line, which serves ee the reference phase, For
maximum power output from the motor, the control field should be excited by e
voltage which is phased 900 to thet of the reference phase, Since the amplifier
has essentially zero phase shift, the input voltage sust be phased 90° to the
reference, The particuler vhase lag network shown in the figure is designed for
a 11/0 phase leg when used with the essocieted parallel T network, With this
phase shift and en input voltage source comprising e 5G end 5CT synchro com-
bination, the output voltege will heve the epproximete 900 shift from the
reference phaae,

The rarallel T network elso shown in Fig. 2 is employed to introduce the
prorer derivative recponse which is necessary for atable servo operation, A
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discussion of the principles of operation of such a network will be found in
the previous reference, Report 645-2., Since the response of this network has
a sharp dip at the carrier frequency of 60 cps, the higher harmonics present in
the input signal come through the metwork with such less attenuation than the
desired signal. This is sufficient to saturate the amplifier in many cases
unless the higher harmonics are removed. The phase lag network shown also
accomplishes this in addition to the previously stated purpose.

The only adjustment when the unit is used as a displacement servo is the
gain control potentiometer Pl1., The signal present at the output of the parallel
T network feeds the gain control P1 which has a logarithmic taper. The choice
of taper was made so that the variation in gain per unit shaft displacement
would be a constant, This is helpful in obtaining fine adjustment for critical
applications., The output from the potentiometer feeds directly into the pre-
viously described amplifier unit. It should be emphaaized here that since the
two networks are plug-in units, for applications recuiring different amounts of
phase shif't or different antihunt characteristics, other plug-in networks can
be designed and substituted for the ones shown,

C. The Input Circuit for a Velocity Servo.

The input circuit for the unit used as a velocity servo i1s shown in Frig,
3. The circuit rectifies the incoming a-c signal, matches it againast the volt~
age from the d-c tachometer and converts the difference back to 60 cycles a-c
after ircluding the proper antihunt characteristics. The rectifier, V2A, is a
65N7 with the grid connected to the plate so that the tube operates as a diode,
The rectified voltage appears across the network comprising C10 and R22, Sirce
the load irpedance is very high compared to the diode resistance, the rectifi-

cation is linear to better than 0,1 percent. The lineerity could be improved
if necesrary, by ircressirg the value of the load impedance although a 1limiting
value is reached when thLe time constant becomes so large that the d-c veriations
cannot follow the variations in amplitude of the a-c input,

The rectifier is imperfect in that with zero volts input, approximately
o5 volt of d-c is developed across R22, This is due to the contact potential
of the diode, V2A, If the filement voltage for this tube were regulated so
that this contact potential would be a constant, a small bias cell or a voliage
derived from the Bé supply could be used to cancel the effect, However, this
is not the case sirce the filament voltage does vary within the &1 percent
tolerance level permitted for normal tube operation. In order to cancel the
contact potential, the second half of the tube, V2B, is eonnected as shown,
Since this tube also develops a contact potential, it is possible to connect
V2A and V2B in such a way that the two voltages cancel. If the plate of tube
V2B is cornected to its cathode by R23, the plate will be negative with respect
to the cathode by an amount equal to its contact potential. Since the cathode
of V2A is rositive with resrect to ground by an amount equal to its contact
potentiel, the voltage at the plate of V2B with respect to ground will be the
difference between the coritact votentials of the respective tubes. By choosirg
& tube havirg a comrmon heater for toth sections, the temperatures of the re-
spective cathodes remmir approximately equal as the filament voltege varies.
Thus, tke net difference betveen the contect potentials will be very small since
contect potentisl deperds upon the difference in work functions of the cathode
end jlate which is largely a function of temperature., The actuel voltage ob-
teined at the plete of VZE vith zero volts a-c input is less than 0.C1 volt

1015 9
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as the filament voltege varies withir its $1C percent limits, C11 is included
ar a bypese for stray a=-c pickup voltage vhich would be developed across E23,
Hance, the effect of contact potential is made negligible so far as its in-
fluance on the velocity servo is concerned.

A fraction of the tachometer voltege is added in series with tha rectified
voltage as shown in tha figure. R24, 25 and P2 comprisa a voltage divider net-
work. By changing F2, the voltage per RFV of the tachometer is effectively
varied and this adjusts the output speed of tha motor per unit input voltage,
Tha polarity of the tachometer is such that the difference between the two volt=
apes appears at the output of the network.

R26, R27 and Cl2 coryrise a network which stabilizes the velocity of the
motor. Since the recponse of such a network is unity at zero cps and falls off
to a constant much less tran unity at infinity, the emphasis is placad on the
d-c component of the input difference voltage rather than on the a=c variations,
This acts to stabilize the motor speed at the proper value by yrevanting any
slight variations in speed from building up to an oscillating condition, which
is the case when the retwork is removad.

The vibrator is driven by the 60 cps line so that the frecuency of tha
output. voltege will also be 60 cps. Actually the output voltage is a squara
wava which can be passed through the amrlifier and applied to the motor with-
out any detrirental effects, The amrlitude of this square wave is proportional
to the difference in d-c voltages betweern the rectified input and the teachomater,
The speed of the motor will be stabilized at value which results in a difference
voltege just sufficient to develop thre power needed to drive the motor at that
speed, The gsin of the amplifier is such that tkis voltage is only 1/4 per-
cent of the input voltage at the raximum motor speed, C13 is included to re-
move some high frecuency components introduced by the vibrator contacts. The
output from this channel feeds directly into the input terminals of the
amplifier for use as a velocity servo,

D. The Phase Detactor Circuit,

The remaining unit for discussion is the phase detector circuit as shown
in Fig. 4. Thie circuii is employed to reverse the motor and techometer leads
when the rhase of the input signal reverses, since the d=-c ractifier discussed
above does not include chese detectirg means, The a=c input feeds into the
grid of a high gain amplifier stage that has a gain of about 50, This is the
same input that feeds the rectifier circuit and thus precautions must be taken
to prevent any loading of the input voltage. If loadirg were permitted, tha
linearity of tha unit would be decreased and tha steps taken to eliminate con-
tact potential would not be justifiad., By placing a larga resistor, R28, in
series with the input grid the loading is prevented since grid current is neg-
ligible.

The amplified voltage is applied to the grid of V1B whose plate load com=
prises the coil of a sensitiva relay. The plate powar is supplied by the 60
cycle line and thus serves as a refarence phase, I1f the grid signal is out of
phase vith the alternating current on the plate, the tube does not conduct, but
when the phase of the input is the same as that on the plate, the tube corducts
heavily and the relay is actuated., The sersitive relay controls the rower
applied to a power relay and thus the power relay is actuated by the phase of
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the Input sipnel, as desired, 1he power relsy switchee the lends of the cen-
tro) wirding cf the cervo motcr ss well as those of the tachcme'er, so that tke
direction of rotation is made deperdent uvon the phase cf the input a=c signal.

Figure 5 iz a complete diagrem of the unit including the ewitch which
quickly converts from cne input channel to the other., In sceme cases it is
decirutle to irclude a relay for the switching since it may be recessary to
corvert fror one tyre of servo to the other by means of a panel switch,

Ccnelusion,

The original desipgn criteris have beern fulfilled by the unit described
above. Complete testing in many different systems hes not beer done since work
was stopred on this project after the completion of several units, However,
preliminary tests heve been made on a laboratory test jig containing a choice
of sev:cral gesr ratios between the motor and the error senaitive elements,
eitter a 1CT synchro for s disvlacement servo or a d-c Elinco tachometer for a
velocity servo, Provision for a variable friction load snd variable inertia
load were also included., Thus the laboreatory tect apparatus provided tests
which could be msde quite flexitle and simulated most system applicatiora. The
oreration of the unit in these tests was completely satisfactory.

Although the unit waa to heve a power suprly included msking it a com-
pletely self-contained servo amplifier, the rroject was storped before this
addition could be made, Certain construction precautions must be taken in
order that the amplifier be free from oscillation tenderciea and instabilities
due to atre) pickup. These precautiors comprise such things as: a) meking
tke filament leada to each tube, a tightly twisted pair of wirea, b) using as
a ground, a corwon wire grounded to the chassis at orly one point grounding
elements to the chassis, ¢) grounding the input lead at this corron roint after
running two twisted leads from the error element, d) running two twisted leads
to the motor after grounding one at the chassis ground, and so forth, These
precsutions, although convertional, cannot be overemrhasized, since the gain is
higher than is the case witk most audio amplifiers ard the tolerable noise
level 1s much lower,

It was found tkat once adjustments had beer made, only a single adjustment
for eitler the displacement or velocity aervo operation wse necessary, Operation
for roughly twe hundred hours required maintenance of no kind, so that it would
seem that the design allowed suitatle factors of ssfety so far as tube and cir-
cuit element ratinss are concerned.

%. Roth
November 5, 1945
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